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Discrimination of self-generated (reafferent) and external (exafferent) signals 55 that occur simultaneously in the same sensory pathway during active behavior is a 56 fundamental challenge for all animals (von Holst and Mittelstaedt 1950; Sperry 1950; 57 Cullen 2004) . Using corollary discharge or an "efference copy" of the motor 58 commands to modulate or cancel the self-generated signals during sensory 59 processing is an effective neuronal mechanism to prevent inappropriate behavioral 60 responses and also desensitization of the sensory pathway due to reafferent 61 stimulation (Poulet and Hedwig 2007; Crapse and Sommer 2008) . Corollary 62 discharge mechanisms are found in animals with very different levels of neural 63 complexity (Davis et al. 1973; Zaretsky and Rowell 1979; Robertson and Moulins 64 1981; Bell 1989; Yang et al. 2008; Reznik et al. 2014) and there is accumulating 65 evidence that dysfunction of corollary discharge circuits in the human brain may 66 cause clinical psychopathologies like schizophrenia (Feinberg and Guazzelli 1999 ; 67
Pynn and DeSouza 2013). 68
The field cricket with its rather simple nervous system and stereotypic singing 69
behavior is an excellent model system to study the neurophysiological and cellular 70 mechanisms of corollary discharge processing in sensory pathways (Poulet 2005) . 71
To attract conspecific females, the male crickets sing by rhythmically opening and 72 closing the raised forewings and thereby produce one syllable (short sound pulse) 73 during each closing movement. In the calling song of the Mediterranean field cricket 74
Gryllus bimaculatus chirps comprising 4±1 syllables are perseveringly repeated at a 75 rate of 2-3 Hz and the syllable repetition rate within the chirps is in a range of 25-30 76 Hz (Ferreira and Ferguson 2002; Schöneich and Hedwig 2012 Sinusoidal wind stimuli to the cerci were delivered via a pipette tip of 1 mm 158 inner diameter, which was positioned about 50 mm behind the animal pointing 159 towards the cercus. Wind signals were generated by a mini-shaker unit (Mini-Shaker 160
and Amplifier Type 27184810, Brüel and Kjaer Naerum, Denmark) that displaced a 161 rubber diaphragm of an air chamber when driven by the sinusoidal voltage signal of a 162 function generator (model TG-101, Thandar Electronics Ltd., Huntingdon, UK). The 163 sinusoidal movements of the diaphragm caused air pressure changes in the 164 chamber, which were transmitted to the pipette tip via a short pneumatic tube (cf. 165
Meyer and Hedwig 1995). During fictive singing crickets could not produce any air 166
currents as the wings were removed and the thoracic ganglia were de-efferented. 167
Stimulus frequencies ranged between 1 and 100 Hz to cover the response range of 168 wind-sensitive cercal hairs (cf. Kämper and Dambach 1981) . Stimulus amplitude was 169 individually adjusted during each experiment to sufficiently stimulate the cercal 170 system without triggering silencing reactions that would stop the singing motor 171 activity (Fig. 1B) 
Results
203
The dendrites of the cercal giant interneurons are located within the cercal 204 glomerulus of the terminal ganglion (Jacobs and Murphey 1987), where they receive 205 monosynaptic excitatory inputs from wind-sensitive cercal afferents (Matsumoto and 206 Murphey 1977; Shepherd et al. 1988) . Among the different types of cercal 207 mechanoreceptors (Gnatzy and Hustert 1989) the long and slender filiform hairs are 208 most sensitive to wind stimulation (Shimozawa and Kanou 1984; Landolfa and Miller 209 1995; Miller et al. 2011 ) and activate ascending giant interneurons to initiate directed 210 predator avoidance reactions (Matsumoto and Murphey 1977; Tobias and Murphey 211 1979; Hörner 1992; Gras and Hörner 1992; Kanou et al. 1999) . 212
To investigate how the nervous system deals with self-generated and external To test for presynaptic corollary discharge inhibition we intracellularly recorded 227 cercal afferents close to their axonal terminals in the terminal ganglion of 20 fictively 228 singing crickets. Evidence for presynaptic inhibition should therefore be reflected in 229 the presence of primary afferent depolarization, which shunts the membrane 230 resistance and systematically reduces the afferent spike amplitudes (Nishi et al. 231 1974; Levy 1977) . Without external wind stimulation the sensory afferents of filiform9 hairs irregularly generated action potentials with a mean spike frequency of 10-50 Hz 233 ( Fig. 2A) . When exposed to a 10-20 Hz sinusoidal wind-stimulus they responded to 234 each cycle with a burst of 3-6 action potentials (100-250 Hz mean spike frequency 235 within bursts) while no spike activity occurred in the anti-phase of the rhythmic 236 stimulation (Fig. 2B) . In none of the afferent recordings (N=20 animals) did we find 237 any indication for rhythmic spike activity modulation in phase with the fictive singing 238 motor activity (Fig. 2C) . Neither spontaneous nor wind-elicited spike occurrence was 239 affected by the generation of the singing motor pattern (Fig. 2, A-C) . We found also 240 no systematic reduction of afferent action potential amplitudes in any phase of the 241 fictive singing rhythm (Fig. 2, A ,B,D). In the most stable afferent recording the median 242 values of spike amplitudes during chirp and during chirp interval were both 51.1 mV 243 and the amplitude distributions within the two groups did also not differ significantly 244 (Mann-Whitney U=4295, n chirp =95, n interval =91, P=0.94 two-tailed; 30 chirps analyzed). 245
We also found no significant spike amplitude difference between chirps and chirp 246 intervals in any of the other afferent recordings (Mann-Whitney U-test P>0.5 two-247 tailed). Furthermore, we did not observe any rhythmic depolarization of the 248 membrane potential in the axonal terminals during spontaneous ( Fig. 2A ) or wind 249 evoked spiking (Fig. 2C ) or after eliminating any spike activity by surgical transection 250 of the sensory cercal nerve (Fig. 2 , E,F). As we found no evidence for primary 251 afferent depolarization during fictive singing our data suggests that the central 252 generation of singing motor activity may not entail presynaptic corollary discharge 253 inhibition of the wind-sensitive afferents in the cercal pathway. 254
255
Rhythmic inhibition of ventral giant interneurons during singing
257
We further recorded in the terminal ganglion the dendritic membrane potential 258 of the two ventral giant interneurons GI8-1a (N=6) and to analyze their 259 synaptic and spike activity during fictive singing. 260
Intracellular recordings of GI8-1a, which is also known as the median giant 261 interneuron (MGI), revealed inhibitory postsynaptic potentials (IPSPs) occurring 262 strictly in phase with the syllable pattern (Fig. 3, A dendrite reached -3.5 ± 2.3 mV (N=6). The inhibition started 6.3 ± 2.2 ms (N=6) after 271 the onset of the wing-opener motoneuron burst in the wing nerve and reached its 272 maximum 3.7 ± 1.8 ms (N=6) after the first spike of the wing-closer motoneuron burst 273 (see Fig. 3B ). The spike response of the MGI was always significantly reduced 274 whenever the cercal wind stimulation coincided with the fictive singing motor activity 275 (Mann-Whitney U-test: p<0.001 each; N=6, n=25 chirp cycles analyzed for each 276 animal). Depending on intensity, frequency and direction of the external wind 277 stimulation and its precise timing to the syllable rhythm of the fictive singing pattern, 278 the overall reduction of spike response during the chirp phases ranged in the 279 different experiments between 40% and 95% (N=6). In response to sinusoidal wind 280 stimulation at the syllable frequency of about 30 Hz for example, the MGI reliably 281 produced 1-2 action potentials per stimulation cycle during the chirp intervals, 282 whereas the spike response was largely suppressed during the chirps (Fig. 3, C,D) . 283
We recorded similar postsynaptic inhibition in phase with the syllable rhythm of 284 fictive singing in the dendrite of the ventral giant interneuron GI8-1b (Fig. 4, A-C) . 285
The inhibition started 5.5 ± 2.5 ms (n=100 syllables) after the onset of the wing-286 opener motoneuron burst in the wing nerve and reached its maximum 1.6 ± 1.8 ms 287
(n=100 syllables) before the start of the wing-closer motoneuron activity (Fig. 4B) . 288
For each syllable the inhibitory input consisted of 3-4 small IPSPs (Fig. 4D) that 289 occurred at a frequency of 190 ± 22 Hz and summated to an overall compound 290
IPSPs of -3.1 ± 0.7 mV (n=100 syllables). The spike activity of GI8-1b in response to 291 cercal wind stimulation was reduced whenever the stimulus coincided with the fictive 292 singing motor activity (Fig. 4C) . Furthermore, driving spike activity in GI8-1b by 293 constantly depolarizing its dendrite with +2 nA current injection demonstrated that the 294 inhibition of spike activity in this giant fiber is tightly coupled to the syllable rhythm of 295 the singing motor pattern (Fig. 4, E,F) . 296
In summary, our recordings demonstrate that corollary discharge from the 297 singing pattern generator rhythmically inhibits the two prominent ventral giant fibers 298 GI8-1a (MGI) and GI8-1b in phase with the motor output that controls the wing-299 opener movements and thereby reduces their responsiveness to cercal wind 300 stimulation during the singing activity. A main candidate to mediate the corollary discharge to the cercal wind 306 sensitive system could be the identified mesothoracic CDI that modulates the activity 307 in the auditory pathway during singing (Poulet and Hedwig 2006) . This interneuron is 308 rhythmically activated in phase with the singing motor pattern and its descending12 axon projects to the terminal ganglion. By simultaneous recordings from the dendrite 310 of the CDI in the mesothoracic ganglion and the dendrite of the MGI in the terminal 311 ganglion we tested if the CDI also inhibits this wind-sensitive giant fiber during 312 singing (Fig. 5 A) . 313
During each fictive chirp the CDI depolarized and spiked in phase with the 314 wing-closer motoneuron activity and the maximum of inhibition in the MGI (Fig. 5, B-315 D). When we modulated the spiking activity of the CDI by de-and hyperpolarizing 316 current injection of 2 nA (Fig. 5A) , neither increasing nor abolishing the CDI spike 317 activity affected the amplitude or timing of the corollary discharge inhibition in the 318 dendrite of the MGI (Fig. 5, B-D) . After the cricket had stopped singing, driving tonic 319 spike activity in the CDI to about 50 AP/s by 2 nA depolarizing current injection 320 caused no change in the membrane potential of the MGI dendrite (Fig. 5E) . 321
Moreover, the onset of CDI depolarization during fictive singing as well as the start of 322 inhibition in the MGI (and also in GI8-1b) coincided strictly with the opener 323 motoneuron burst in the wing nerve (Figs. 3B, 4B , 5B-D). Considering further that 324 CDI action potentials were recorded near the spike generating zone in the 325 mesothoracic ganglion and need about 10-15 ms conduction time from there to arrive 326 in the terminal ganglion (i.e. 20 mm at 1.6 ms -1 ; cf. Poulet and Hedwig 2006), the 327 timing of CDI spikes appears to be by far too late to be the source of the corollary 328 discharge inhibition in the dendrites of GI8-1a (MGI) and GI8-1b. 329
In the example shown in Fig.6 , repetitive cercal wind stimulation significantly 330 reduced the rhythmic spike activity of the CDI during fictive singing from an average 331 of 4.7 to 2.1 action potentials per syllable (Fig. 6A) . When the spike activity of the 332 CDI was additionally reduced to 1-2 spikes per syllable by 1 nA hyperpolarizing 333 current injection, the cercal wind stimulation abolished the remaining spiking activity 334 of the CDI almost completely (Fig. 6B) . During the chirp intervals of fictive singing the 335 membrane potential of the CDI showed periodic inhibitions (arrows in Fig. 6A, 6B ) 336 occurring independent of the singing motor activity but strictly in phase with the 337 sinusoidal cercal wind stimulation (Fig. 6, C-D responses, must therefore be modulated or cancelled during the chirp phase. 377
Our intracellular recordings demonstrate that the two prominent ventral giant 378 interneurons GI8-1a (MGI) and GI8-1b of the cercal escape pathway are rhythmically 379 inhibited during fictive singing. In both interneurons corollary discharge inhibition 380 occurred strictly in phase with the motoneuron activity driving the wing-opener 381 muscles for singing and significantly reduced their response to cercal wind stimuli 382 during the fictive chirps. This rhythmic inhibition reduces giant fiber responses to self-383 generated air currents in sonorously singing cricket and hence prevents inadvertent 384 silencing reactions or escape responses. The timing of the inhibition is in accord with 385 the behavioral responses of singing crickets to cercal wind stimulation, as air puffs 386 presented during the chirps had no effect (Dambach et al. 1983) . Extracellular 387 connective recordings demonstrated that some non-identified ascending interneurons 388 are phasically activated during sonorous singing (Kämper and Dambach 1981) but 389 these multiunit-recordings were not suitable to reveal corollary discharge inhibition in 390 individual GIs of the cercal pathway. The situation may be similar to cricket walking 391 behavior where the spike activity of the ventral GIs is reduced whereas the activity in 392 the dorsal GIs is increased (Daley and Delcomyn 1980; Kohstall-Schnell and Gras 393 1994) . This would also correspond to studies in cockroaches, which demonstrated a 394 reduced response of ventral GIs to cercal wind stimulation during flight, whereas 395 rhythmic responses of dorsal GIs contribute to the control of the wingbeat frequency. 396
As the spike activity of ventral GIs can inhibit the flight motor pattern generation, a 397 reduction of their responsiveness prevents reafferent feedback from interrupting the 398 flight behavior (Libersat 1992) . already inhibited in the opener phase of the singing motor activity, i.e. before the 452 production of sound pulses by wing-closer activity. Simultaneous recordings of the 453 MGI (GI8-1a) and the CDI did not show any evidence for synaptic input from the CDI 454 to the MGI. Driving spike activity in the CDI by depolarizing current injection also had 455 no effect on the dendritic membrane potential of the MGI. Furthermore, CDI spikes 456 need to travel from the mesothoracic ganglion to the TAG. Due to this long spatial 457 distance, the timing of CDI spike activity in the wing-closer phase occurs too late to 458 cause the inhibition of the cercal giant interneurons in the wing-opener phase. We 459 therefore conclude that in parallel to the previously identified CDI another corollary 460 discharge pathway must exist that drives the inhibition in ventral GIs of the cercal 461 
